M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Morphology versus function
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Morphology versus function
Conflicts of interest
The authors declare no conflicts of interest.
Funding sources
This study received funding from the Chiropractic and Osteopathic College of Australasia and Murdoch University. The funding sources had no role in the planning, conduct, or reporting of this study.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Morphology versus function M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
Morphology versus function 6 Procedures 1 After confirming eligibility and obtaining consent, we collected demographic and clinical 2 information, and participants completed self-report measures of LBP intensity, pain-related 3 disability, and physical activity. Each participant underwent a physical examination that 4 included measures of height, weight, and waist circumference. 28 In addition, the participant's 5 medical records were examined to determine if they had a diagnosis of prediabetes, or type 1 6 or type 2 diabetes. 7
Self-report measures
LBP intensity was measured with the Numeric Pain Rating Scale (NPRS). Participants rated 9
the intensity of their pain on a scale from 0 to 10, with 0 representing the absence of pain and 10 10 representing the worst pain imaginable. The patients reported their pain intensity at the 11 time of data collection and their highest and lowest pain levels over the past 24 hours. [29] [30] [31] 12 Pain intensity was estimated as the average of the 3 scores. The NPRS has been demonstrated 13 to have good reliability, responsiveness, and criterion validity. 30 
14
We used the modified Oswestry Disability Index 27 to measure LBP related disability. 15
Potential scores range from 0 to 100 with higher scores indicating greater disability. This 16 questionnaire has previously demonstrated good levels of test-retest reliability, and 17 responsiveness. 32, 33 18 Physical activity was measured with the long-form International Physical Activity 19 M A N U S C R I P T
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Morphology versus function categorized as low, moderate, or high. The IPAQ has been shown to be both a reliable and 1 valid indicator of physical activity. 34 
2
MRI assessment of lumbar multifidus morphology
3 Axial T1-weighted images from the participants' lumbar spine MRI were assessed to quantify 4 LMM fatty degeneration at the L4/L5 and L5/S1 levels bilaterally. The facet joints were used 5 to identify the respective levels to ensure consistency with the ultrasound imaging (USI) 6 measure of LMM function. MRI images were collected on a 3.0-T Siemens Verio MRI 7 scanner a using a standard phased-array body coil with 4 mm slice thickness, 180 mm 2 field 8 of view, and 256 × 256 matrix. The images were transferred to a desktop computer and 9 measured using custom-written image analysis software b . 10
For each image, a computer mouse was used to manually trace the region of interest for the 11 LMM on each side and level. The software then calculated histograms representing the 12 frequencies and intensities for all pixels within the regions of interest, allowing separate 13 tissue components to be quantified based upon their pixel signal intensity. Similar analyses 14 have demonstrated high levels of intra-rater reliability, 35-37 test-retest reliability, 36, 37 and 15 concurrent validity when compared to phantom imaging. 35 
16
Ultrasound measures of lumbar multifidus function 17 LMM function was measured on the same day as the MRI study by an examiner blinded to 18 the MRI results. We used USI to measure LMM function using methods described 19 previously. 20 Briefly, thickness measures of the LMM at the L4/L5 and L5/S1 spinal levels 20
were obtained bilaterally at rest and during submaximal contractions using images acquired 21 with a Siemens a Sequoia 512 ultrasound system and a 6L3 (38mm 6-3 MHz) curvilinear 22 array. The participants performed prone contralateral arm lifts, while holding a hand weightM A N U S C R I P T IMAT were entered as covariates in the first step. Next, the percent of LMM IMAT was 4 entered in the second step. This hierarchical approach was used to determine if LMM muscle 5 function related to percent IMAT after controlling for the variance attributable to the 6 covariates. Adjusted R 2 values were calculated at each step, reflecting the variance in the 7 dependent variable explained by the independent variables and adjusted for the number of 8 independent variables entered into the regression model. Standardized beta coefficients (β) 9
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were calculated for each variable included in the final model and their significance tested 10 under the null hypothesis that they were not different from zero. Alpha was 0.05 and missing 11 data were handled with pairwise deletion. 12
13
RESULTS
14
We assessed 248 potential participants for study eligibility; 178 patients were excluded as 15 they did not meet the selection criteria (168 were older than 60 years, 6 had prior spine 16 surgery and 4 patients had radiofrequency denervation procedures). Therefore, 70 17 participants were enrolled in the study. Investigators were unable to identify the LMM 18 boundaries of some muscles in one participant due to MRI artifact and some questionnaire 19 data were missing in 4 participants; therefore, the sample size varied from 65 to 70 20 participants depending on the analysis. Demographic and clinical characteristics of the study 21 participants are reported in Table 1 .
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Morphology versus function LMM function and IMAT outcomes are reported in Table 2. Tables 3-5 report the bivariate  1 and multivariate results, respectively. There were no significant bivariate associations 2 between LMM percent thickness change and intramuscular fat. There were several 3 significant associations between LMM percent thickness change or intramuscular fat and age, 4 sex, and physical activity. Older age was consistently associated with increased 5 intramuscular fat. Women had lower levels LMM thickness change on the right but not the 6 left, as well as greater intramuscular fat at L5/S1 but not L4/L5. Participants with higher self-7 reported physical activity levels had greater LMM thickness change at L5/S1 on the left, but 8 not at the other muscle sites. The multivariate analyses demonstrated no relationship between 9 LMM percent thickness change and intramuscular fat after adjusting for these covariates. Despite relatively high levels of LBP intensity and severe LBP related disability, more than 7 half of participants in the current study reportedly engaged in high levels of physical activity. 8
Given that low physical activity levels are associated with increased IMAT in general, 42, 43 9 and specifically within the LMM, 13 it is reasonable to postulate that the high levels of 10 physical activity reported by many of the participants in the current study may have 11 confounded the relationship between LMM IMAT and function. However, we did not 12 identify correlations between physical activity and LMM IMAT and our multivariate 13 analyses controlled for the variance attributable to physical activity when testing for 14 associations between IMAT and function. Therefore, the importance of physical activity and 15 its potential role in the relationship between LMM morphology and function in the current 16 study is unclear. Given that our sample population comprised military veterans referred for 17 diagnostic imaging, one explanation of the higher than expected levels of physical activity 18 and LMM function, and lower than expected LMM IMAT is that these findings are unique to 19 this population that may differ from civilian and non-clinical populations reported in previous 20 studies. 21 It is intuitive that fatty degeneration of skeletal muscle would have consequences with respect 22 to muscle function. Given this perspective, the lack of relationship between our measures of 23 LMM function and IMAT was unexpected. While the current study measured one aspect ofM A N U S C R I P T
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Morphology versus function LMM function (change in thickness during submaximal contraction), other functional 1 measures (e.g., strength, endurance, electrical activity at maximal or submaximal 2 contractions) may have demonstrated stronger relationships with fatty degeneration. For 3 example, previous research has reported fatty degeneration to be associated with decreased 4 thigh muscle performance. [44] [45] [46] This discrepancy may be explained in part by the unique 5 attributes of the LMM. It has been previously noted that LMM IMAT accumulation is not 6
homogenous, but occurs in the deepest portion of the muscle, 47 and this finding is consistent 7 with our clinical observations as well as images analysed in the current and previous studies. 8
In addition, the function of the LMM has been reported to differ between the deep and 9 superficial muscle layers. MacDonald, et al. 19 reported that patients with recurrent LBP 10 demonstrate activation impairments of the deep but not superficial LMM fibers when 11 compared to individuals without LBP. Although USI is purported to be a valid measure of 12 LMM function, 41 it is unknown whether this technique adequately assesses both deep and 13 superficial muscle layers. 14 Another noteworthy measurement issue is that our measures of LMM function used a 15 contraction task approximating 30% of the maximum voluntary isometric contraction. 
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In conclusion, we observed higher levels of physical activity and LMM function, and lower 1 levels of LMM IMAT than previous studies of patients with LBP. There were no 2 relationships between LMM IMAT and function, thus these findings question the functional 3 implications of intramuscular fatty degeneration in this cohort of patients with LBP. We 4 have highlighted several issues related to LMM measurement, which along with these study 5 results, should help to inform future research activities in this area. Step 1 (covariates) Age 0.11 0.426 Sex -0.01 0.527 -0.14 0.277
Step 2 Left L4/L5 % LM IMAT -0.02 0.446 -0.11 0.446
Outcome variable: lumbar multifidus function on the right at L4/L5
Step Step 2 Right L4/L5 % LM IMAT 0.14 0.565 0.07 0.565
Outcome variable: lumbar multifidus function on the left at L5/S1
Step Step 2 Left L5/S1 % LM IMAT 0.04 0.877 0.02 0.877
Outcome variable: lumbar multifidus function on the right at L5/S1
Step 
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